The objectives of this study were to determine the relative effect of feeding corn silage (CS), fermented whole-crop wheat (FWCW), and ureatreated processed whole-crop wheat (UPWCW) compared with grass silage (GS), each supplemented with concentrates, on forage intake, ruminal fermentation, microbial protein synthesis, some plasma metabolites, and ruminal and total tract digestibility in cattle. Four ruminally fistulated steers with a mean BW of 509 kg (SD 6.3) were used in a 4 × 4 Latin square-designed experiment with each period lasting 21 d. The omasal sampling technique in combination with a triple marker method was used to measure nutrient flows to the omasum with Co-EDTA, Yb acetate, and indigestible NDF as liquid, small particle, and large particle phase markers, respectively. Microbial N flow was assessed from purine base concentrations. Steers fed CS, FWCW, and UPWCW consumed 2.7, 2.4, and 2.6 kg/d more (P < 0.05) forage and total DMI, respectively, than those fed GS-based diets. Rumen pH (P = 0.07) and lactic acid (P = 0.11) concentration did not differ between the forages. Rumen concentration of NH 3 -N was greatest for UPWCW and least for CS (P < 0.001). Total VFA concentrations were greater (P < 0.05) for CS than GS and UPWCW, with FWCW being intermediate. Acetate-to-propionate ratio (P < 0.05) was greater (P < 0.05) for UPWCW than the other forages, which did not differ. Apparent ruminal digestion of OM (P < 0.05) was less for CS, FWCW, and UPWCW than GS. Ruminal NDF digestibility was greater (P < 0.01) for GS than the other forages, which did not differ (P ≥ 0.06). Total tract NDF digestibility was less (P < 0.05) for UPWCW than the other forages, with GS being greatest and CS and FWCW being intermediate. Starch intake was less (P < 0.001) for GS than the other forages, but there was no effect of forage on omasal starch flow (P = 0.23) or ruminal digestibility (P = 0.88). Flow of non-NH 3 -N and microbial N was greater (P < 0.05) for CS, FWCW, and UPWCW than GS. Efficiency of microbial N synthesis was greater (P < 0.05) for FWCW than GS and CS, with UPWCW being intermediate. Plasma β-hydroxybutyrate concentrations were greatest with CS and least for GS (P < 0.001), whereas concentrations of plasma urea were least for CS and greatest for UPWCW (P < 0.001). In conclusion, feeding alternative forages to GS can significantly increase feed DMI and alter rumen fermentation and site of nutrient digestion when offered to cattle supplemented with 3 kg of concentrate daily.
INTRODUCTION
Beef cattle rarely consume sufficient grass silage (GS) to achieve their production potential and as a result, energy-rich concentrates are routinely supplemented in practice (McGee, 2005) . Alternative ensiled forages are limited in many parts of Northern Europe, but recent advances in plant breeding, agronomic practices, and forage conservation technologies have led to an increase in the use of maize and whole-crop silages for feeding beef cattle.
Previous studies have generally reported that feeding corn silage (CS) either for ad libitum intake or as a mixture in grass silage-based diets increased DMI and performance of beef cattle Moloney, 1995, 2000; Keady et al., 2007) and early lactation dairy cows (Burke et al., 2007) . In contrast, several studies have shown an improved DMI without an increase in performance when feeding whole-crop wheat (WCW) silages preserved by fermentation or urea treatment to beef cattle Moloney, 1995, 2000; Keady et al., 2007) and early lactation dairy cows (Burke et al., 2007) . Furthermore, other studies have found no difference in the performance of beef cattle offered fermented or urea-treated WCW silages, despite a greater DMI of the latter (O'Kiely and Moloney, 1999; Walsh et al., 2005) . Whole-crop silage and CS are a less homogenous feed than GS, because proportions of grain to straw can vary substantially.
To better explain the responses of beef cattle offered corn and WCW silages, a more comprehensive understanding of the effects of these forages on ruminal metabolism and digestion is required, but currently, only limited data are available. The objectives of this experiment were to determine the effect of forage source, GS, CS, fermented WCW (FWCW), or urea-treated processed WCW (UPWCW), on forage intake, ruminal fermentation, microbial protein synthesis, some plasma metabolites, nutrient flows to the omasum, and ruminal and total tract digestibility in cattle.
MATERIALS AND METHODS
All procedures in the study were conducted under experimental license from the Irish Department of Health and Children in accordance with the Cruelty to Animals Act 1876 and the European Communities (Amendment of Cruelty to Animals Act 1876) Regulation 1994.
Silage Preparation
The unwilted GS was harvested from a primary growth sward, which consisted mainly of perennial ryegrass (Lolium perenne L., cv. Millenium), on June 6. It was mowed with a rotary mower (Pottinger conditioner mower, Pottinger, Grieskirchen, Austria) and harvested at 15.1% DM with a precision-chop harvester (Pottinger Mex VI, Pottinger). A formic acid-based additive (Add-SafeR Interchem Ltd., Cherry Orchard Ind. Est., Dublin, Ireland) was applied at a rate of 2.5 L/t of grass. A commercial crop of winter wheat (Triticum aestivum L., cv. Soissons) was harvested on August 7 at 41.0% DM and ensiled without additive to provide FWCW. The remainder of the crop was harvested on September 3 at 66.6% DM, and a urea + urease additive (Home 'n' Dry, Volac, Royston, UK) was mechanically applied evenly throughout the forage at a rate of 48.5 kg/t of forage DM. The FWCW and UPWCW were harvested to the same stubble height. The corn (Zea mays. L., cv. Benicia) was grown under plastic mulch, harvested on October 6 at 30.4% DM, and ensiled without additive. A precision chopper (Class Jaguar 860 series, Claas, Bury St Edmonds, UK) was used to collect the CS and WCW, with only the grain in the CS and UPWCW mechanically broken up during collection. All silages were stored in bunker silos (18 × 4.6 × 2.4 m) and compacted (412S, JCB, Rocester, Staffordshire, UK; 7,800 kg) to ensure expulsion of air before sealing with 2 layers of black polythene sheeting weighted with tires.
Experimental Design and Animal Management
Four Holstein-Friesian steers fitted with rumen cannulas and with mean BW of 509 kg (SD 6.3) were used in the experiment. The 4 steers were offered the 4 forages (GS, CS, FWCW, or UPWCW) in a Latin square design of 4 periods, each of 21 d, with 13 d for dietary adaptation followed by 8 d for sampling. The 4 experimental forages were supplemented with 3.0 kg of concentrate daily. The concentrate consisted of rolled barley (650 g/kg), soybean meal (280 g/kg), molasses (50 g/kg), and minerals plus vitamins (20 g/kg). The concentrate was formulated to supply a minimum of 110 g of CP/kg of diet DM when fed with the CS. The forages were offered for ad libitum intake during the days used for adaptation, and thereafter at 0.90 of average forage DMI, calculated from the last 3 d of adaptation period for each individual animal. During the whole experiment, the forages were fed in 2 daily meals at 0830 and 2030 h. The 3.0 kg of concentrate was also offered twice daily at 0830 and 2030 h in 2 equal meals until d 13 and then at 0.90 of their allocation until the end of each period. Animals were housed in individual stalls and had access to water at all times.
Measurements
Forages and concentrates offered were sampled daily during the collection period. Forage refusals were weighed and sampled daily during d 11 to 21. All samples were stored at −20°C. Forage samples were pooled for 2-d intervals from d 11. The concentrate samples from each of the 4 periods were pooled for d 11 to 13 and 14 to 21, giving 2 concentrate samples per period. Rumen fluid samples of approximately 200 mL were collected through the rumen cannulae according to Moloney and Flynn (1992 ) at 0830, 1030 , 1230 , 1430 , 1630 , and 1830 h on d 14 of the 4 periods. Rumen fluid pH was measured immediately after collection using an Orion digital pH meter (Orion SA 720; Thermo Fisher Scientific, Waltham, MA). A 20-mL subsample was preserved with 0.5 mL of 9 M sulfuric acid and stored at −20°C for subsequent analysis of NH 3 , VFA, and lactic acid.
The markers used to estimate digesta flow from the rumen were indigestible NDF (INDF) for the large particle phase (Huhtanen et al., 1994) , Yb acetate for the small particle phase (Siddons et al., 1985b) , and Co-EDTA for the fluid phase (Uden et al., 1980) . After a priming dose of 2.5 g of Yb acetate and 8.0 g of Co-EDTA dissolved in 1 L of distilled water, constant rates of 2.5 g of Yb and 8.0 g of Co dissolved in 4 L of distilled water were infused into the rumen using a multichannel peristaltic pump (502 S, Watson Marlow, Falmouth, UK) from d 14 to 20. The volumes of liquid infused daily (~4 L) were recorded. To determine digesta flow, 400-mL spot samples were collected from the omasal canal twice daily using an alternating pressurevacuum system as described by Huhtanen et al. (1997) and modified by Ahvenjärvi et al. (2001) . Two samples per day were collected at 6-h intervals for d 17 to 20. Sampling began at 0830 h on d 17 and advanced 90 min each day such that samples represented each 90 min between the morning and evening feed. Omasal digesta samples were kept on ice and then stored at −20°C. At the end of each period, these omasal digesta samples were thawed at room temperature and then pooled on an equal volume basis over the sampling times. Digesta was separated into 3 phases according to Ahvenjärvi et al. (2000) whereby the digesta was first squeezed through 2 layers of cheesecloth. Digesta retained on the cheesecloth was called the large particle phase. The remaining filtrate was centrifuged at 10,000 × g for 15 min at 4°C, the supernatant was aspirated and called the liquid phase, whereas the residual particles were called the small particle phase. Large and small particle and liquid phase samples were frozen, freeze-dried, and ground through a 1-mm screen before chemical analysis of Co, Yb, INDF, ash, N, NDF, ADF, and starch. The true digesta flows into the omasum were calculated according to the triple marker method (France and Siddons, 1986) . Reticulorumen samples of 500 mL were obtained manually once daily according to the method of Ahvenjärvi et al. (2002 Ahvenjärvi et al. ( ) at 1730 Ahvenjärvi et al. ( , 1430 Ahvenjärvi et al. ( , 0830, and 1130 , respectively, for determination of microbial protein synthesis. The microbial pellet was prepared according to the method of Ahvenjärvi et al. (2000) . Microbial N flow was determined using purine bases as a microbial marker. Fecal grab samples of approximately 500 g were collected parallel with the omasal digesta sampling from every animal in each of the 4 periods (Ahvenjärvi et al., 2001 ). These samples were stored at −20°C. At the end of the experiment, these samples were thawed and pooled on an equal weight basis, per animal, per period. One subsample of composited feces per animal was dried at 98°C for 48 h to determine DM, whereas another subsample was dried at 60°C for 48 h and ground through a 1-mm screen for the analysis of Yb, Co, INDF, ash, N, NDF, AIA, and starch.
On d 21, two blood samples were obtained by jugular venipuncture from each animal immediately before the morning feeding and 3 and 6 h after the morning feeding. Blood was collected into a 10-mL and 4-mL evacuated tube containing lithium heparin and sodium fluoride-EDTA K 3 , respectively, as anticoagulants (Greiner Vacuette, Cruinn Diagnostics, Dublin, Ireland) . Blood samples were then centrifuged (2,500 × g, 20 min, 4°C), and the plasma was stored at −20°C before analysis of urea, glucose, and β-hydroxybutyrate.
Chemical Analysis
The DM content of forages and concentrates was determined after drying at 85°C for 24 and 16 h, respectively, in an oven with forced-air circulation. Forage DM content was corrected for volatile losses as described by Porter and Murray (2001) . Composited forage and concentrate samples were oven-dried at 40°C for 48 h and then ground through a 1-mm screen (Willey mill, Arthur H. Thomas, Philadelphia, PA) for analysis of IVD-MD (Tilley and Terry, 1963) , for NDF using amylase and sequentially for ADF (Van Soest et al., 1991) , ash content by combustion at 550°C for 5 h, total N using a combustion assay (Leco FP-428, Leco Instruments Inc., St Joseph, MI), water-soluble carbohydrates (anthrone method; Thomas, 1977) , starch (McCleary et al., 1997) , and AIA (Van Keulen and Young, 1977) . Rumen fluid and silage extracts were analyzed for NH 3 (measured using the Olympus AU400, Tokyo, Japan, and the Thermo Electron Infinity Ammonia Liquid Stable Reagent kinetic method, Waltham, MA) and lactic acid (using the Olympus AU400 and the l-Lactic Acid UV-method test kit; Boehringer Mannheim/R-Biopharm catalog number 10139084035) with the enzyme d-lactate dehydrogenase (catalog number 10106941001, Boehringer Mannheim/R-Biopharm, Darmstadt, Germany). The concentrations of VFA (acetic, propionic, isobutyric, n-butyric, isovaleric, and n-valeric) were measured in the rumen and omasal fluid and in the silage extracts using an automated gas chromatograph (Shimadzu Gas Chromatography GC-8A, Shimadzu Corporation, Kyoto, Japan; Brotz and Schaefer, 1987) .
Omasal digesta and feces were analyzed for Yb and Co according to Hart and Polan (1984) . The INDF concentration of forages, small and large omasal particle phases, and feces were determined according to Ahvenjärvi et al. (2000) whereby between 2-to 4-g samples were incubated, in duplicate, in the rumen of 2 cattle for 12 d in 6-µm polyester bags (Sefar Inc., Ruschlikon, Switzerland). After rumen incubation, bags were rinsed in cold water using a household washing machine for 25 min and boiled in NDF solution for 1 h, rinsed, and dried to a constant weight at 60°C. The remaining residue was ignited at 600°C for 18 h to determine the OM content of indigestible residue. Purine bases in the microbial pellet were determined according to the method of Zinn and Owens (1986) and modifications of Makkar and Becker (1999) .
Plasma urea, β-hydroxybutyrate, and glucose concentrations were determined on an automated analyz-er (Olympus AU400) using the reagents supplied by Olympus.
Statistical Analyses
Data were analyzed using the MIXED procedures (SAS Inst. Inc., Cary, NC) for a 4 × 4 Latin square design according to the following statistical model:
where µ = the overall mean; A i = a random effect of animal; and P j and D k = the fixed effects of period and diet, respectively. All reported values are least squares means, which were separated using the PDIFF option in SAS.
Rumen fermentation variables and plasma metabolites were analyzed as repeated measures with the model:
where µ, A i , P j , and D k are as described previously; T l = the sampling time; and D k × T l = the interaction between diet and time.
RESULTS

Feed Composition
The mean chemical compositions of the forages and concentrate used in this study are shown in Table 1 . The GS was characterized by having a reduced DM, moderate IVDMD, increased NDF, and decreased CP. Compared with GS, the alternative forages underwent a more restricted fermentation as evidenced by the decreased concentrations of fermentation acids and ethanol. The evidence is that little fermentation occurred with the UPWCW. Of the alternative forages, CS had the numerically greatest IVDMD and the least DM, CP, and fiber concentrations, whereas UPWCW had the greatest DM, CP, and fiber concentrations and the least IVDMD. Starch concentrations in the alternative forages were greatest in CS and least in FWCW.
Feed Intake
Forage, concentrate, and total daily DMI are presented in Table 2 . Forage and total DMI were less (P < 0.05) for GS than the other diets, which did not differ from one another (P ≥ 0.12). Within a row, means without a common superscript letter differ (P < 0.05). 1 GS = grass silage; CS = corn silage; FWCW = fermented whole-crop wheat; UPWCW = urea-processed whole-crop wheat.
Rumen Fermentation
Mean rumen fluid pH (P = 0.07) and d (P = 0.15) and l-lactate (P = 0.11) and valeric acid (P = 0.05) concentrations did not differ among forages (Table 3) . Rumen concentration of NH 3 -N was greatest for UP-WCW and least for CS (P < 0.001). Total VFA concentrations were greater (P < 0.05) for CS than GS and UPWCW, with FWCW being intermediate. Molar proportion of butyric acid was greatest for CS and least for GS (P < 0.001). Molar proportion of acetic acid was less (P < 0.01) for CS than the other forages, which did not differ (P ≥ 0.34). Molar proportion of propionate was greater (P < 0.05) for GS and CS than UPWCW, with FWCW being intermediate. Acetate-to-propionate ratio was greater (P < 0.05) for UPWCW than the other forages, which did not differ.
OM, NDF, and Starch Omasal Flow and Digestibility
Organic matter intake (P < 0.01) and omasal OM flow (P < 0.05) were less and OM apparent ruminal digestibility was greater (P < 0.05) for GS than the other forages, which did not differ (Table 4) . Apparent total tract OM digestibility was greater (P < 0.05) for GS and CS than FWCW, with UPWCW being intermediate. Intake of NDF did not differ (P = 0.78) between the forages, but omasal NDF flow was greater for FWCW (P < 0.01) and UPWCW (P < 0.05) than GS, with CS being intermediate. Apparent ruminal digestibility of NDF and the amount of NDF digested in the rumen (kg/d) was greater (P < 0.01) for GS compared with the other diets, which did not differ. Total tract NDF digestibility was greater (P < 0.05) for GS than CS and UPWCW, which in turn were greater than FWCW. Ruminal NDF digestibility, as a proportion of total tract digestibility, was less (P < 0.05) for UP-WCW than GS, CS, and FWCW, which did not differ (P ≥ 0.06)
Starch intake was greater (P < 0.001) for CS, FWCW, and UPWCW than GS. Apparent ruminal starch digestibility (P = 0.88) and ruminal starch digestibility, as a proportion of total tract digestibility (P = 0.86), did not differ between the diets. The amount of starch digested in the rumen and total tract digestibility of starch were greater (P < 0.05) for CS than FWCW, with UPWCW intermediate and GS least (P < 0.01).
N Metabolism
The N intake, omasal flows of N components, and rumen and total tract digestibility of N for the diets are presented in Table 5 . Nitrogen intake was greater for UPWCW than FWCW, which in turn was greater than GS, with CS being intermediate (P < 0.001). Omasal N and non-NH 3 -N flows were greater (P < 0.01) for CS, FWCW, and UPWCW than GS. When N flow was expressed as a proportion of N intake, CS was greater than GS (P < 0.01) and UPWCW (P < 0.05), and FWCW was greater (P < 0.05) than GS. Microbial N flow was less for GS compared with CS (P < 0.05) and FWCW (P < 0.01) and was also less (P < 0.05) with UPWCW compared with FWCW. Flow of non-NH 3 , nonmicrobial N was greater (P < 0.05) for UPWCW than FWCW and GS, with CS being intermediate. Efficiency of microbial N synthesis in the rumen was greater for FWCW compared with CS (P < 0.05) and GS (P < 0.01), with UPWCW being intermediate. Apparent ruminal N digestibility was greater for GS than CS (P < 0.01) and FWCW (P < 0.05) and was also greater for UPWCW compared with CS (P < 0.05). Apparent total tract digestibility tended to be greater (P < 0.1) for GS relative to the other forages.
Blood Metabolites
Blood composition data are presented in Table 6 as mean values of the 3 samples taken throughout the day. Animals fed CS had the greatest (P < 0.001) concentrations of plasma β-hydroxybutyrate, whereas concentrations were least (P < 0.001) for GS with FWCW and UPWCW intermediate and not differing from each other (P = 0.24). Plasma urea concentrations were Within a row, means without a common superscript letter differ (P < 0.05).
1 GS = grass silage; CS = corn silage; FWCW = fermented whole-crop wheat; UPWCW = urea-processed whole-crop wheat.
Owens et al.
greatest for UPWCW and least for CS (P < 0.001) with GS and FWCW intermediate and not differing from each other (P = 0.52).
DISCUSSION
Forage Analysis
The forages were the same as those used in the concurrent beef production study of Walsh et al. (2005) . The GS was of moderate quality with a greater IVDMD (712 vs. 676 g/kg) and less CP concentration (112 vs. 140 g/kg) than mean values found on Irish farms (Keating and O'Kiely, 1997) and had a greater NDF concentration than the other forages. The CS was of high nutritive value as indicated by its increased IVDMD (754 g/kg of DM) and increased starch content (307 g/ kg of DM) and was similar to that used in the studies of Browne et al. (2005) and Sinclair et al. (2005) . The FWCW had a similar DM, starch, and NDF content to that used by O'Kiely and Moloney (2002) and Keady et al. (2007) . Delaying the harvesting of the WCW resulted in an increase in DM, fiber, and starch concentration, reflecting the later maturity of the crop. The DM and starch contents of the UPWCW were similar to the urea-alkalage-treated WCW used by Abdalla et a-c Within a row, means without a common superscript letter differ (P < 0.05).
1 GS = grass silage; CS = corn silage; FWCW = fermented whole-crop wheat; UPWCW = urea-processed whole-crop wheat. a-c Within a row, means without a common superscript letter differ (P < 0.05).
2 NAN = non-NH 3 -N; NANMN = non-NH 3 nonmicrobial N; OMAD = OM apparently digested in the rumen; OMTD = OM truly digested in the rumen.
al. (1999) but less than that used by Jackson et al. (2003) .
Feed Intake
In accord with previous studies with beef cattle, intake was greater for corn (O'Kiely and Moloney 2000; Browne et al., 2005) and WCW silages (Walsh et al., 2005; Keady et al., 2007) than GS. The DMI of GS expressed relative to BW (1.5% of BW daily) in this study was typical of previous results for beef cattle (Kirkland and Patterson, 2003; Walsh et al., 2005) . This reduced intake relative to CS and FWCW may be partly attributed to its increased NDF content (620 g/kg of DM). Steen et al. (1998) concluded that intake of GS was closely related to factors that influence the extent of digestion and rate of passage of material through the animal including in vivo apparent digestibility, rumen degradability, and the concentrations of the fiber and N fractions. In addition, silage fermentation quality may affect silage DMI (Huhtanen et al., 2007) . O'Kiely and Moloney (1999) and Walsh et al. (2005) found significantly greater DMI with UPWCW compared with FWCW and although nonsignificant in this study, the trend was similar. However, in those studies, the greater intake did not result in a subsequent increase in animal performance. From a review of the literature, Keady (2005) concluded that feeding CS, FWCW, or UPWCW to beef cattle resulted in a significant increase in daily DMI compared with GS, but only CS increased BW and carcass gain.
Rumen Fermentation
The mean ruminal NH 3 concentration of just 28.1 mg/L for CS was less than that previously reported (Juniper et al., 2006) and is below the concentration of 50 mg/L recommended to maintain maximum microbial protein synthesis (Satter and Slyter, 1974) . Similarly, Martín-Orue et al. (2000) feeding high-grain corn and barley-based diets reported a ruminal NH 3 concentration of 29 mg/L. Ruminal NH 3 concentration was greatest with UPWCW reflecting the large amounts of the NPN additive applied at the silo. These increased ruminal NH 3 concentrations suggest that the decreased OM digestion inhibited the capacity of the rumen microbes to utilize the NPN supplied in the diet (Abdalla et al., 1999) .
The increase in the molar proportion of propionate and reduction in the molar proportion of acetate with CS relative to GS suggests that cell wall constituents were providing less fermentable energy and that more starch was being fermented in the rumen (Ørskov and Ryle, 1990) . Despite the 1.7 and 2.0 kg/d increase in the intake of starch with FWCW and UPWCW, respectively, compared with GS, there was no corresponding increase in the proportion of propionate as would be expected (Ørskov and Ryle, 1990) . Ahvenjärvi et al. (2006) found a linear increase in propionate and butyrate and a linear decrease in acetate as the proportion of barley silage increased and GS decreased. However, in accord with the present findings, Abdalla et al. (1999) reported that the inclusion of WCW in the diet with GS increased the molar proportion of butyric acid. The differences between the WCW and CS in the present study may be partly attributable to the increased fiber (straw) content of WCW. The greater acetate-topropionate ratio with UPWCW compared with FWCW suggests that the increase in fiber with advancing crop maturity offsets the corresponding increase in starch concentration in terms of rumen fermentation pattern.
Nutrient Flows and Digestion
The apparent and true ruminal OM digestibility values for CS, FWCW, and UPWCW are within the ranges of 0.3 to 0.6 and of 0.4 to 0.7 of OM intake, respectively, as reviewed by Titgemeyer (1997) . Although the values for GS exceed these ranges, they are similar to those reported by O'Mara et al. (1998) , Ahvenjärvi et al. (2002) , and Younge et al. (2004) for diets consisting of GS supplemented with concentrates. The decreased flow of OM for GS was due to its increased ruminal OM digestibility and is probably related to its longer residence time and the low intake of GS, because decreased DMI can cause an increase in ruminal OM digestion (Robinson et al., 1985) . For forages, true ruminal OM digestion is about equal to total tract OM digestion resulting in minimal postruminal digestion (Titgemeyer, 1997) as was the case for GS in this study, whereas for diets containing grain, a decreased proportion of the total digestion occurs in the rumen (Titgemeyer, 1997) as was evident for CS, FWCW, and UPWCW in the current study. The apparent ruminal digestibility of OM for CS was 0.08 and 0.10 greater than for FWCW and UPWCW, respectively. Juniper et al. (2006) re- Within a row, means without a common superscript letter differ (P < 0.05).
ported less ruminal OM apparent digestibility and total tract digestibility values for CS than found in this study. This may be explained by the greater intake (2.3 vs. 2.0% of BW daily) and the decreased proportion of concentrates offered in this study (0.22 vs. 0.12), which can decrease dietary digestibility (Huhtanen et al., 2005) . Consistent with the present results, Abdalla et al. (1999) reported that feeding UPWCW increased OM intake and flow and decreased the apparent ruminal and total tract digestibility of OM compared with grass silage. Although GS had a decreased OM intake, NDF intake was similar across all diets, reflecting the relatively increased NDF concentration (620 g/kg of DM) of the GS used in this experiment. The GS had an increased ruminal NDF digestibility of 0.716, which is similar to the figure obtained by McAllan et al. (1994) for GS plus concentrates offered at a slightly decreased proportion of total DMI. Previous studies have reported a shift in the site of fiber digestion from the rumen to postruminal compartments by inclusion of whole-crop barley (Ahvenjärvi et al., 2006) and UPWCW (Abdalla et al., 1999) in GS diets. Compared with GS, the decreased fiber digestion in CS, FWCW, and UPWCW diets may be caused by the greater starch concentration (Huhtanen et al., 2005) , which can inhibit cellulolytic bacteria because they are more sensitive to a reduction in rumen pH than starchutilizing bacteria (Hungate, 1966) .
As forage wheat matures, the starch concentration increases, whereas the NDF concentration does not increase substantially (Leaver and Hill, 1995) due to the diluting effect of the ear development. The digestibility of the NDF normally declines with increasing maturity (Leaver, 1996) , so one would have expected for this reason that FWCW would have had a greater ruminal and total tract NDF digestibility than UPWCW due to the greater straw content or the decreased NDF digestibility of the latter. However, Deschard et al. (1987) and Moloney and O'Kiely (1997) showed that the treatment of immature WCW with urea improved the total tract digestibility of NDF. The total tract NDF digestibility was greater and ruminal NDF digestibility was less for UPWCW in the present study than that of Abdalla et al. (1999) , which may be partly due to the mixing of GS with UPWCW in that study.
The flow of starch to the omasum tended to increase with CS, FWCW, and UPWCW compared with GS, but this failed to reach significance due to the high variability in results for starch flow. The different flow characteristics of grain than forage particles and the proportion of grain particles in omasal digesta samples that may not be representative of that leaving the rumen might account for a large part of the variation in the results for ruminal starch digestibility and omasal starch flow (Huhtanen and Sveinbjörnsson, 2006) . The review of Nocek and Tamminga (1991) showed that the extent and rate of in situ ruminal degradation of maize starch is less than that of whole-crop cereals, whereas in this study, there was no significant difference between the ruminal starch digestibility of CS, FWCW, or UPWCW. However, it is now realized that the in situ technique underestimates ruminal starch digestibility for slowly degradable starch sources such as corn and overestimates it for rapidly degradable starch sources such as barley (Huhtanen and Sveinbjörnsson, 2006) because the barley washable fraction is greater than corn and contains a greater proportion of small particles that have been washed out of the bag (Tothi et al., 2003) . Sutton et al. (2000) recorded similar amounts of ruminal starch digestibility for CS to that reported in the present study. The ruminal starch digestibility of FWCW and UPWCW was greater than values obtained by Abdalla et al. (1999) for UPWCW but similar to those obtained by Ahvenjärvi et al. (2006) for whole-crop barley. Abdalla et al. (1999) attributed the low ruminal starch digestibility for UPWCW to a large flow of whole wheat grains to the duodenum. The proportion of total starch digestion occurring postruminally in the present study was 0.12, 0.16, 0.19, and 0.21 for GS, CS, FWCW, and UPWCW, respectively. The value for CS was greater than the 0.04 to 0.08 range of values reported by Juniper et al. (2006) but similar to the values of between 0.11 to 0.15 found by Sutton et al. (2000) . The total tract starch digestibility for CS was similar to that found by Browne et al. (1999) , and the greater total tract digestibility of starch for CS than FWCW is in accord with Leaver (1996) .
N Utilization
The reduced flows of total N and microbial N for GS compared with the other forages suggest a decreased potential to provide adequate amounts of energy for the synthesis of microbial N. Unsurprisingly, N intake was greater for UPWCW due to its increased DMI and its increased concentration of CP (159 g/kg of DM) and NH 3 N (148 g/kg of total N), the latter values reflecting the addition of an urea-based additive after harvesting. Flows of N were 1.42, 1.24, and 1.09 of N intake for CS, FWCW, and UPWCW, respectively, such that microbial N production was greater than the amount of feed N degraded in the rumen. This suggests recycling of N either across the rumen wall or through salivary secretion (Siddons et al., 1985a) . These findings are consistent with results for high-grain diets (Wanderley et al., 1987; Al-Dehneh et al., 1997) . Al-Dehneh et al. (1997) reported that endogenous urea accounted for 0.191 and 0.074 of N in duodenal digesta for lactating cows fed high-grain and high-forage diets, respectively.
Despite CS and FWCW having a greater microbial N flow than GS, the efficiency of microbial N synthesis was only increased in FWCW. Ahvenjärvi et al. (2006) found no increase in microbial efficiency by increasing the proportion of whole-crop barley in a GS diet from 0 to 0.6. Reviews by ARC (1984) and Givens and Rulquin (2004) reported a mean efficiency for microbial N synthesis of 23 and 30.1 g of microbial N/kg of OM apparently digested in the rumen. In accord with the present results, Jaakkola et al. (1993) and O'Mara et al. (1998) have reported decreased values of 15.8 and 17.4 g of microbial N/kg of OM apparently digested, respectively, for GS diets. Similarly, the efficiency of microbial N synthesis for CS, FWCW, and UPWCW was less in this study compared with the values of 48 and 36 g of microbial N/kg of OM apparently digested reported by Givens and Rulquin (2004) for corn and wheat-barley silages, respectively. Czerkawski (1986) averaged results from 65 different estimates and reported a relatively constant yield of 19.3 g of microbial N/ kg of OM truly digested across diets. This compares with the mean values obtained for efficiency of microbial N synthesis in this experiment of 18.0 ± 4.7 g of microbial N/kg of OM truly digested.
Blood Metabolites
The greater concentrations of plasma urea (5.82 mM) for UPWCW compared with the other forages are consistent with previous reports (Castejon and Leaver, 1994; O'Kiely and Moloney, 1995; Moloney and O'Kiely, 1997) and fall within the normal range (3.4 to 7.3 mM; Castejon and Leaver, 1994) . These high values reflect the greater rumen NH 3 concentrations. Sinclair et al. (2005) reported that the addition of a sugar source to UPWCW decreased plasma urea concentrations, indicating that a rapidly fermentable source of OM is required with this diet for a greater capture of rumen NH 3 . The decreased plasma urea concentrations for CS are below the normal range (Castejon and Leaver, 1994) and along with the very low rumen NH 3 concentrations indicate that the diet may have been relatively deficient in protein.
The greater plasma β-hydroxybutyrate concentrations for CS, FWCW, and UPWCW than GS reflects correspondingly increased concentrations of butyrate in the rumen during fermentation, which is in agreement with Thorp et al. (2000) with increased amounts of starch in the diet. Butyrate from rumen fermentation is largely converted to β-hydroxybutyrate by the rumen epithelium (Bergman, 1990) . Plasma β-hydroxybutyrate values were similar for FWCW and UPWCW treatments as reported by O'Kiely and Moloney (1995) for beef cattle offered fermented or UPWCW. The lack of an effect on plasma glucose concentration with CS and UPWCW has been reported by Sinclair et al. (2005) .
Summary
Feeding CS, FWCW, and UPWCW to beef cattle increased DM and N intake and N flow entering the omasal canal and decreased OM and NDF ruminal digestibility when compared with GS. Intake was similar but total tract digestibility of OM, NDF, and starch was greater for CS than FWCW. Microbial N flow was greater for CS and FWCW compared with GS, but only FWCW increased the efficiency of microbial N synthesis. The UPWCW had a greater total tract digestibility of NDF and less flow of microbial N to the omasal canal than FWCW. Feeding alternative forages to GS can significantly increase feed DMI and alter rumen fermentation and site of nutrient digestion when offered to cattle supplemented with 3 kg of concentrate daily.
